Bouin solution, a compound fixative, is routinely utilized to assess spermatogonial subsets in histology due to the robust nuclear morphological preservation that is obtained. Recently, Bouin and some other comparable fixatives have been reported to successfully detect testicular antigens and are replacing paraformaldehyde (PFA) and formalin fixation when performing cross-sectional immunochemistry (IHC) or IF. [19] [20] [21] [22] Bouin has also been used in whole-mount IHC without hematoxylin nuclear-counterstaining. 23 The aim of this study was to identify subtype-specific and stage-specific SSC molecular marker distributions by a combination of paraffin section IHC and corresponding hematoxylin-counterstaining whole-mount IHC and 4,6-diamidino-2-phenylindole (DAPI)-counterstaining whole-mount IF using Bouin fixation to maintain nuclear morphology. First, Bouin was used to determine the exact stage and subtype distribution of PLZF and c-KIT expression in A s , A pr , A al , A 1 -A 4 , In, and B spermatogonia in Stages I, III, V, VII, X, and XII (avoiding the mitotic division phases in Stages II, IV, VI, IX, and XI) using cross-section and whole-mount IHC counterstained by hematoxylin; the co-expression of PLZF/c-KIT, detected using whole-mount IF counterstaining with DAPI, was used to identify the subtype specificity of spermatogonia. Next, the compatibility of optimized Bouin procedure with other SSC molecules was further investigated using glial cell line-derived neurotrophic factor receptor alpha 1 (GFRA1), another marker of undifferentiated spermatogonia. Finally, in clones asymmetrically expressing GFRA1 or PLZF via hematoxylin-counterstaining whole-mount IHC, intercellular bridges labeled with testis-expressed gene 14 (TEX14) were examined using DAPI-counterstaining whole-mount IF.
MATERIALS AND METHODS

Animals
Eight-to ten-week-old adult male C57BL/6 mice (n = 9) were obtained from the Shanghai Laboratory Animal Center (SLAC, Shanghai, China), and three equal groups were established as follows: Group 1 was used to screen multiple players of spermatogenic epithelial cells and identify seminiferous stages following hematoxylin staining of whole-mount samples; Group 2 was used to establish stage and subset expression profiles for PLZF, c-KIT, and GFRA1 with cross-sections and wholemount prepared samples and examined via hematoxylin or DAPI counterstaining IHC/IF; and Group 3 was used to observe nuclear morphology in GFRA1 and PLZF asymmetrically expressing clones in whole-mount IHC and intercellular bridges in GFRA1/TEX14 and PLZF/TEX14 whole-mount IF samples. Experimental protocols were approved by the Animal Care and Usage Committee of Central South University, Changsha, China (protocol number: LLSC (LA) 2016-031), and all animal procedures were performed in accordance with the approved guidelines and regulations.
Paraffin-embedded IHC
Adult male C57BL/6 mice were sacrificed by cervical dislocation, and testes were dissociated, cut transversely, and fixed in Bouin for 8 h at 4°C. The tissue was then dehydrated, embedded in paraffin, and cut into 5-μm sections following deparaffinization. Testis sections were treated with 100 mmol l -1 glycine at room temperature for 15 min and then 3% H 2 O 2 for 10 min. The sections were then blocked with normal goat or rabbit serum (SP KIT-B2 or SP KIT-B5; Maixin Biotech, Fuzhou, China) for 2 h at room temperature. Next, the sections were incubated with primary antibodies, including rabbit anti-PLZF (1:200 dilution; SC-22839, Santa Cruz Biotechnology, Santa Cruz, CA, USA), goat anti-c-KIT (1:50 dilution; AF332, R&D Systems, Minneapolis, MN, USA), and goat anti-GFRA1 (1:50 dilution; AF714, R&D Systems) for 3 days at 4°C. Immunolabeling was detected by using biotinylated-linked secondary antibodies (SP KIT-C8 or SP KIT-C10; Maixin Biotech) and streptavidin-conjugated horseradish peroxidase (SP KIT-D2, Maixin Biotech). Sections were visualized using 3, 3'-diaminobenzidene hydrochloride (DAB; ZLI-9018, ZSGB-BIO, Beijing, China) and counterstained using Harris hematoxylin (BA4097, BASO, Zhuhai, China). All IHC sections were examined under a Sunny RX50 microscope (Sunny Optical Tech, Ningbo, China).
Whole-mount IHC and histology
The testes were decapsulated, and the seminiferous tubules were carefully separated with microdissection forceps under an Olympus SZX10 stereomicroscope (Olympus, Tokyo, Japan). Several intact seminiferous tubules were fixed in Bouin at 4°C for 2-4 h and then incubated in 100 mmol l −1 glycine at room temperature for 30 min. The samples were then dehydrated and rehydrated in a series of graded methanol (25%, 50%, 75%, and 100%). The tubules were then blocked in 0.3% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) and 5% donkey serum (Jackson Immunoresearch Laboratories, Lancaster, PA, USA) in PBS containing 0.05% triton X-100 (Sigma-Aldrich) overnight at 4°C. Then, the seminiferous tubules were incubated with primary antibodies, including rabbit anti-PLZF (1:200 dilution; SC-22839, Santa Cruz), goat anti-PLZF (1:50 dilution; AF2944, R&D Systems), goat anti-GFRA1 (1:50 dilution; AF560, R&D Systems), rabbit anti-TEX14 (1:100 dilution; ab41733, Abcam, Cambridge, UK), and goat anti-c-KIT (1:50 dilution; AF332, R&D Systems) for 3 days at 4°C. After the incubation, samples were washed 5 times with PBS containing 0.05% triton X-100 for 30 min. For whole-mount IHC, the seminiferous tubules were incubated with 3% H 2 O 2 for 30 min and then incubated with biotinylatedlinked secondary antibody and streptavidin-conjugated horseradish peroxidase (Maixin Biotech). Samples were visualized using DAB (ZSGB-BIO), counterstained with Harris hematoxylin (BASO, Zhuhai, China), mounted with aqueous mounting media (CW0137, CWBIO, Beijing, China), and imaged with a Sunny RX50 microscope (Sunny). For whole-mount IF, the primary antibodies were detected using donkey anti-goat conjugated to Alexa Fluor 594 or donkey antirabbit conjugated to Alexa Fluor 488 secondary antibodies (A21203 or A21206; Thermo Fisher Scientific, Waltham, CA, USA) and counterstained with DAPI (62248, Thermo Fisher Scientific). Images were obtained with a Leica TCS SP8 confocal microscope (Leica, Wetzlar, Germany). For whole-mount hematoxylin counterstaining histology, several 2-4 cm long seminiferous tubules were fixed in Bouin for 2 h at room temperature, dehydrated and rehydrated in a series of graded methanol, immersed in Harris hematoxylin (BASO) for 2 min, and differentiated in 0.1% acid ethanol for 30 s. The samples were then washed in tap water for 5 min, mounted with aqueous mounting media (CWBIO), and imaged with a Sunny RX50 microscope.
RESULTS
Comparison of PLZF expression in paraffin IHC, whole-mount IHC, and whole-mount IF samples fixed with 4% PFA and Bouin In paraffin-embedded cross-sections and whole-mount IHC/IF samples fixed with 4% PFA, the spermatogonia and spermatocyte showed severe nuclear chromatin shrinkage and had a poor morphological appearance when compared with Bouin fixation. However, the ability to distinguish round and elongated spermatids did not differ between the two fixative methods (Supplementary Figure 1-3) .
Identification of spermatogonial subtypes during Stages I, III, V, VII, X, and XII in whole-mounted hematoxylin-counterstaining seminiferous tubules Several spermatogonial subtypes, including A 1 -A 4 , In, and B spermatogonia, were identified in Stages I, III, V, VII, X, and XII by their nuclear characteristics (Supplementary Figure 4) , and their mitotic divisions were observed in Stages I, II, IV, VI, IX, and XI (data not shown). Seminiferous stages were identified based on spermatogenic cell associations as previously described. 24 Intermediate spermatogonia were identified based on their characteristic ovoid nuclei with chromatin flakes entirely around the nuclear membrane. To confirm the corresponding spermatocyte and spermatid association in Stage III, nuclear morphological characteristics were scanned along the Z-axis using a light microscope. Since the stages of a seminiferous cycle are distributed in an orderly fashion along the tubules, the stages of adjacent segments were identified accordingly. B spermatogonia and mid-primary spermatocytes were observed in Stage V. In A 1 -A 4 -differentiating spermatogonia, slightly oval or round nuclei with little heterochromatin adhering to the nuclear envelope were observed. Multiple layers of stage-specific spermatogenic cellular associations were scanned to identify A 2 in Stage X, A 3 
Stage-and subtype-specific expression profile for PLZF, c-KIT, and GFRA1 during Stages I, III, V, VII, X, and XII in cross-sections and the corresponding whole-mount IHC
In cross-section IHC samples, strong PLZF and weak PLZF staining were located in two distinct subpopulations of A spermatogonia, though not in the In and B spermatogonia. In whole-mount IHC samples, PLZF staining was intense in A s , A pr , and A al4-16 spermatogonia across the seminiferous cycle and in A 1 spermatogonia in Stage VII. Weak PLZF staining was seen in A 2 -A 4 clusters during Stages IX-I, with no PLZF staining detected in In-and B-differentiated spermatogonia during Stages III-V. Nuclear details were identified using hematoxylin counterstaining, which provided clear, distinct identification of spermatogonial subtypes. PLZF staining was intense in A al clusters that were separated by crowed In and B clones in Stages III-V. PLZF staining was strong in A 1 spermatogonia in Stage VII and weak in A 2 -A 4 spermatogonia in Stages IX-I, with cells linearly distributed and separated by Sertoli cells (Figure 1 ). When hematoxylin counterstaining was not performed, loosely arranged and tightly lined PLZF strong clones mingled with PLZF weak clusters were observed, while their morphological subtypes were indistinct (Supplementary Figure 6) .
In cross-section IHC samples, c-KIT was expressed in A, In, and B spermatogonia and PL spermatocytes around the seminiferous tubules. In whole-mount IHC samples, c-KIT expression was seen in A 1 -A 4 -differentiating spermatogonia during Stages VII-I, In and B spermatogonia during Stages III-V, and PL spermatocytes in Stage VII. In both the cross-section and whole-mount samples, no c-KIT immunostaining was detected in undifferentiated A type spermatogonia (Figure 2) . In whole-mount samples without hematoxylin counterstaining, c-KIT-positive clusters with progressively increased sizes were observed, and their subtypes were ambiguous because of the lack of nuclear morphological details (Supplementary Figure 7) .
In cross-section IHC samples, GFRA1 was expressed in a few of the A spermatogonia surrounding the seminiferous tubules. In wholemount IHC samples, GFRA1 immunostaining was predominantly detected on the cytomembranes of A s , A pr , and A al4 undifferentiated spermatogonial clones with homogeneous hematoxylin-staining nuclei across the seminiferous cycle (Stages I-XII). No GFRA1 staining was detected in A 1 -A 4 -differentiating spermatogonia during Stages VII-I, in In-or spermatogonia during Stages III-V (Figure 3) . When hematoxylin counterstaining was not performed, GFRA1-positive A s , A pr , A al4 spermatogonia, occasionally A al8 and A al16 spermatogonia clones were discerned by counting the clonal cells; it was not certain whether intercellular bridges existed between them (Supplementary  Figure 8) .
Co-expression profile of PLZF/c-KIT and GFRA1/PLZF during Stages I, III, V, VII, X, and XII using whole-mount IF To determine an accurate subtype-specific molecular expression profile, dual immunostaining with PLZF/c-KIT or GFRA1/PLZF was performed using whole-mount IF. When using DAPI staining for nuclear visualization instead of hematoxylin in whole-mount samples preserved by Bouin, spermatogonial subtype staining patterns were very similar. Briefly, A un and A 1 spermatogonial nuclei were ovoid with uniformly distributed chromatin in the nuclei, while A 2 -A 4 -differentiating spermatogonia contained heterochromatin that appeared mottled and were located around the rim of the nuclear envelope. The In spermatogonia displayed heterochromatin flakes lining the nuclear envelop with a central heterochromatin dot, while the B spermatogonia periodically exhibited round and compact heterochromatin along the nuclear envelope and at the center of the nucleus. In the PL spermatocytes, the nuclei became smaller, but the nuclear details remained similar to those of the B spermatogonia. The DAPI-stained nuclear characteristics of the A 2 -A 4 spermatogonia were similar, but the characteristic germ cell associations in Stages X, XII, and I made them distinguishable.
PLZF and c-KIT were co-stained in strongly PLZF POS A 1 spermatogonia in Stage VII and weakly PLZF POS A 2 -A 4 -differentiating spermatogonia during Stages IX-I. In strongly PLZF POS A s , A pr , and A al spermatogonia, no c-KIT co-staining was noted (Figure 4) . Therefore, the exact co-expression of PLZF and c-KIT in A 1 -A 4 -differentiating spermatogonia can be delineated.
In whole-mount IF samples, GFRA1 was co-located with strong PLZF staining in A s, A pr, and A al4 undifferentiated spermatogonia throughout the seminiferous cycles. No GFRA1 co-staining was detected in A 1 -A 4 -differentiating spermatogonia in stage VII, X, XII, and I regardless of PLZF intensity, and no GFRA1 was detected in PLZF NEG In-and B-spermatogonia or in PL spermatocytes during Stages III-VII ( Figure 5 ). GFRA1 POS A al8 was also co-located with strong PLZF staining (Supplementary Figure 9) . Asymmetric A pr and false clones distinguished by the presence or absence of TEX14 between GFRA1 and PLZF asymmetrically expressed daughter cells Asymmetric expression of GFRA1 and PLZF in spermatogonial clusters was observed in whole-mount IHC samples, with adjacent daughter cells connected by cellular bridges. In whole-mount IF samples, asymmetrically divided clones and false clones were further identified by TEX14/GFRA1 and TEX14/PLZF co-staining (Figure 6) Figure 10) .
The distributions of GFRA1 POS or PLZF POS clusters involved in the formation of asymmetric and false clones were evaluated using whole-mount IHC and IF samples (Supplementary Figure 10) . In GFRA1-stained whole-mount IHC samples, 3.96% A s (4/101), 1 Figure 10) .
When comparing whole-mount IF with whole-mount IHC, the percentage of GFRA1 asymmetric A pr clones was lower in IF relative to IHC (1.52% vs 2.55%), while the percentage of GFRA1 false A un clones was higher in IF (5.05% vs 4.08%). We supposed that asymmetric A pr in IHC was identified as false A pr in IF by the absence of TEX14 between them. Furthermore, when comparing whole-mount IF with whole-mount IHC, the percentage of PLZF POS A al≥8 clones associated with false clones increased, while the number of A s and A pr clones associated with false clones decreased. This may be due to the fact that some, members of A al clusters are far away from each other, therefore, some clonal members were mistaken for A s or A pr owing to indistinct intercellular bridges between them in IHC and were instead confirmed as larger A al>8 clones due to the presence of intercellular TEX14 staining in whole-mount IF.
DISCUSSION
Heterogeneity of expression profiles has been revealed in SSC biomarker research. [15] [16] [17] [25] [26] [27] there are two issues that need to be addressed: (1) how to accurately identify stage-and subtype-specific distributions of SSC molecular markers and (2) how to elucidate the regulatory signal pathways that are involved in each spermatogonial subtype during specific seminiferous stages. In the current SSC molecular study, stage-specific distributions was identified by labeling acrosomal development simultaneously. 28 However, undifferentiated spermatogonia are inextricably commingled with differentiating spermatogonia during the entire seminiferous cycle, and the poor nuclear resolution associated with 4% PFA fixation, whether on cross-section or in whole mount, makes it difficult to distinguish them. Except for heterogeneity, numerous bimodal expression patterns have also been reported recently. [16] [17] [18] For example, while PZLF and c-KIT are classical spermatogonial biomarkers that have been verified by genetic animal models and functional transplantation assays [29] [30] [31] and are widely used to identify A un and A diff spermatogonial subtypes, their exact expression profiles remain controversial.
12,15-18 In addition to 18,32 However, the exact distributions among spermatogonial subpopulations and their corresponding functions remain unclear. Therefore, this study focused on establishing accurate expression profiles for PLZF and c-KIT in spermatogonial subpopulations.
In previous studies, the nuclear morphologies of spermatogonial subpopulations were identified using semi-thin plastic sections, with samples fixed in glutaraldehyde/OsO 4 and stained with toluidine, 33 or whole mount samples fixed in Bouin and stained with hematoxylin. 34 More recently, paraffin cross-sections or whole-mount samples were utilized and fixed with Bouin and visualized with IHC or IF. 12, 35, 36 In paraffin cross-section IHC samples, the nuclear morphology is compromised due to heat-induced antigen retrieval; in whole-mount IHC, hematoxylin counterstaining has not been performed to visualize the nuclear details. Thus, these methods alone make it difficult to identify molecular expression profile of spermatogonial subtypes accurately. In the present study, these measures were combined to solve this problem. First, chemical antigen retrieval was applied instead of heat retrieval to reduce the morphological damage induced by high temperature. Next, Bouin-fixed whole-mount IHC and IF were performed with hematoxylin and DAPI counterstaining. Our approach provided a nuclear morphology with SSC molecular immunostaining in paraffin section IHC, whole-mount IHC, and whole-mount IF samples fixed by Bouin, thus enabling the subtype-and stage-specific identification of immunopositive cells.
The use of Bouin fixation and chemical antigen retrieval in this study enabled the identification of spermatogonial subtypes within immunopositive cells by perfectly preserving their nuclear morphology. In Bouin-fixed seminiferous tubule cross-sections, A, In, and B spermatogonia and PL spermatocytes are roughly distinguishable based on their nuclear details, location, and association with multilayer germ cell types during a specific seminiferous stage. In whole-mount IHC samples, with the addition of hematoxylin counterstaining, A s , A pr , and A al undifferentiated spermatogonia and A 1 -A 4 -differentiating spermatogonia can be clearly detected based on their nuclear morphology and topographical clone arrangements. As A 1 -A 4 , In, and B spermatogonia collectively experience six successive division phases during Stages IX, XI, I, II, IV, and VI, respectively, 7 stage-and subtype-specific expression models were examined in Stages I, III, V, VII, X, and XII based on nonmitotic nuclear appearance. Additionally, since A 2 -A 4 spermatogonial clone sizes increase slowly due to density-dependent apoptosis, 37 and A 1 -A 4 spermatogonial nuclear morphology is comparable, 38, 39 multiple layers of spermatogenic cellular nuclear morphology associations were scanned to identify A 2 clones in Stage X, A 3 clones in Stage XII, and A 4 clones in Stage I (Supplementary Figure 5) .
When utilizing the above-mentioned optimized procedures, nuclear morphological characteristics can be clearly seen, thus enabling the accurate identification of mingled A un and A diff subtypes. This approach guarantees that stage-and subtype-specific SSC biomarker profile can be detected by the combination of paraffin-embedded testicular cross-sections and whole-mount IHC/IF. Furthermore, this study was able to accurately characterize the bimodal expression pattern of PLZF. PLZF expression was intense in A s , A pr , and A al4-16 undifferentiated spermatogonia throughout the seminiferous cycle and in A 1 spermatogonia in Stage VII, while weak expression was seen in A 2 -A 4 -differentiating spermatogonia during Stages 10, 27 Indeed, a bimodal staining model has also been found as an inhibitor of differentiation 4 (ID4) and Sal-like protein 4 (SALL4) expression profiles in mouse spermatogonia. 11, 40 Bouin-fixed paraffin IHC sections were used to identify the expression of Stimulated by retinoic acid gene 8 (STRA8) and c-KIT in A 1 -A 4 differentiating spermatogonial subpopulations. Nevertheless, the IHC signal was weak and nuclear detail was damaged by heat antigen retrieval. 12, 41 It has been reported that c-KIT POS -differentiating spermatogonia can revert to functional stem cells and reconstruct spermatogenesis after transplantation into a germ cell-depleted mouse recipient, the repopulating activity increases when c-KIT is co-expressed with undifferentiated molecular markers, such as OCT-4, GFRA1, or α6-integrin. 31, 42, 43 Furthermore, density-dependent apoptosis is classically thought to exist when A 1 -A 4 -differentiated spermatogonia proliferate during Stages IX-I, with the number of A 4 spermatogonia being only about 3.4 times as many as the A 1 spermatogonia after three mitotic proliferations. 34 Moreover, In-and B-spermatogonia secrete chalone to inhibit the proliferation of neighboring A al undifferentiated spermatogonia, and A al clones are largely quiescent during Stages III-VI until they differentiate into A 1 spermatogonia at Stages VII-VIII. 44 In a knockout mouse model, Bax and Bcl-xL were reported to be involved in density-dependent apoptosis. 7 However, the molecular mechanisms and signaling pathways modulating the biological behaviors of these differentiating spermatogonial subpopulations remain unknown, and the specific chemical components of chalone have yet to be characterized. Therefore, it is able to identify and sort these spermatogonial subtypes using combined SSC markers of PLZF and cKIT to enable further characterization of their molecular mechanisms and biological behaviors.
In the "A s model, " A s spermatogonia have been proposed to be true SSCs. In this model, the two daughter cells that are generated after division either migrate away and become two new A s stem cells or remain together and form A pr spermatogonia that are connected by an intercellular bridge with an internuclear distance <25 μm. 45, 46 Furthermore, A un spermatogonial clusters have also been reported to asymmetrically express SSC markers. 10, 27, 47 Nevertheless, it remains unclear whether they are false clones with different nuclear details or absence of intercellular bridge, or true clones with similar nuclear characteristics and connected by an intercellular bridge. In this study, asymmetric GFRA1 expression in a few A pr spermatogonia was found to be accompanied by TEX14 staining between daughter cells; while asymmetrical GFRA1 expression in A un spermatogonial clones was composed by smaller A s , A pr , and A al clusters without TEX14 staining; thus, they were false clones. These findings further strengthen the asymmetric A pr division that is seen in the "A s model, " but the 
